A new method for diagnosing the temporal characteristics of ultrashort electron bunches with linear energy chirp generated from a laser wakefield accelerator is described. When the ionizationinjected bunch interacts with the back of the drive laser, it is deflected and stretched along the direction of the electric field of the laser. Upon exiting the plasma, if the bunch goes through a narrow slit in front of the dipole magnet that disperses the electrons in the plane of the laser polarization, it can form a series of bunchlets that have different energies but are separated by half a laser wavelength. Since only the electrons that are undeflected by the laser go through the slit, the energy spectrum of the bunch is modulated. By analyzing the modulated energy spectrum, the shots where the bunch has a linear energy chirp can be recognized. Consequently, the energy chirp and beam current profile of those bunches can be reconstructed. This method is demonstrated through particle-in-cell simulations and experiment.
I. INTRODUCTION
It is now accepted that electrons can be accelerated by a laser-plasma wakefield accelerator (LWFA) to high energies in a short distance [1] [2] [3] [4] [5] . The ultrashort duration [6] , small emittance and significant charge make such LWFA generated electron bunches attractive in many applications. For example, compact light sources based on laser-plasma wakefield accelerators have been proposed [7] [8] [9] . The typical length of electron bunch accelerated by a LWFA is just a few femtoseconds [6] . Temporal characterization of such short electron bunches is important but extremely challenging. For instance the ability to precisely tailor the current profile of the electron bunch is critical for optimum beam loading while minimizing the energy spread of the injected electron bunch in plasma-based accelerators [10] .
Parameters of the injected electron bunch are very sensitive to the laser and plasma parameters, which at present makes them less stable than beams obtained from conventional accelerators. To diagnose the length of a bunch accelerated by a conventional accelerator, deflecting cavities [11] or the electro-optic technique [12] are frequently used. Although X-band deflecting cavities have shown the capability to resolve beams on a fs-timescale [11, 13] , its application to measuring LWFA generated bunches is not yet demonstrated. This is because the transport of ultrashort, tightly focused electron bunches from a plasma accelerator into a deflecting cavity without changing the properties of the bunch is very difficult [14, 15] . The temporal resolution of the electro-optic technique typically is demonstrated to be on the order of ten fs, making it unsuitable for adequately resolving a LWFA produced electron bunch. Coherent transition radiation (CTR) spectrum can also be used to infer the duration of ultrashort electron bunches [6, 16] . However, the accurate measurement of CTR radiation spectrum in the full range from near infrared to IR is challenging. Other methods, such as THz time-domain interferometry [17] , measuring the oscillation in the energy spectrum resulting from the interaction of the injected bunch with the back of the laser pulse [18] , and measurement based on Compton scattering [19] have also been reported.
In this paper, a new method for mapping the current profile of linearly chirped electron bunches generated from a LWFA is proposed. The basic concept is as follows: Due to the dephasing effect that is characteristic of the accelerating electrons in a LWFA, the accelerating electron bunch will catch up with the laser pulse, and will interact with the back of the laser. As it interacts with the electric field of the laser, it will be deflected and stretched along the laser polarization direction. As the electrons exit the plasma they will have a laser phase dependent deflection in the plane of polarization. As a consequence, only a part of the stretched bunch can go through the narrow slit placed orthogonal to the polarization direction in front of the dipole magnet each time the deflection angle of the beam at the plasma exit is zero. In this way, the bunch is now broken up into a series of bunchlets with separations equal to half the laser wavelength, leading to a modulated energy spectrum. If the energy chirp of the electron bunch is linear, the modulated spectrum will contain several peaks with equal spacing in energy. For these shots, the energy chirp and the current profile can be reconstructed. Actually the technique is useful as long as the energy chirp arXiv:1601.04813v2 [physics.plasm-ph] 12 Apr 2016 of the bunch is nearly linear. This is because the laser wavelength is being used here as an accurate ruler of the spacing between the bunchelets.
II. SIMULATIONS
We first illustrate the proposed method and its usefulness by a high fidelity numerical experiment using the three dimensional (3D), particle-in-cell code OSIRIS [20] . In the simulation, parameters similar to real experimental conditions are adopted to take into account all the major physical effects involved. We use the ionization injection scheme to create the charge to be accelerated within the wake. The neutral gas is a mixture of helium (95%, atomic percentage) and nitrogen (5%). The peak density of helium is 3.56 × 10 18 cm −3 , which corresponds to a peak electron density of 9 × 10 18 cm −3 under the assumption that the outer five electrons of nitrogen and all electrons of helium are ionized. The density profile of the neutral gas starts with a 382 µm linear up ramp, followed by a 764 µm plateau and a 382 µm linear down ramp. A 3.3 TW, 40 fs (FWHM), p-polarized laser pulse is focused into the neutral gas with a spot size of 11 µm (w 0 ) to give a vacuum a 0 of 0.9. The focal plane of the laser is placed 30 µm inside from the starting edge of the plateau. A moving window is used and the size of the simulation box is 36 × 38 × 38 µm, with a grid size of 25 × 190 × 190 nm.
Figure 1(a) shows the injected electron bunch (indicated by the arrow) and the laser pulse at the exit of the plasma. The inner shell electrons of nitrogen are ionized near the peak of the laser pulse, quickly slip back in the wake and become trapped. Due to the dephasing effect, the electron bunch catches up with the laser as it propagates and interacts with the back of the laser. Extra momentum modulation along the laser polarization direction is introduced [21] , and the bunch will thus be stretched in the transverse direction. The modulation period is equal to the local wavelength of the drive laser, as can be seen clearly in Fig. 1(a) .
Upon exiting the plasma, the electron bunch first passes through a virtual 2-mm-wide slit and then is dispersed in the plane of polarization of the laser by a dipole magnet. The distances between the plasma and the rest of the spectrometer components are similar to those in the experiment to be described later. Since the electron bunch is stretched, only the on-axis portion of the electrons (i.e. those undeflected or very weakly deflected by the laser) go through the slit and make it to the Lanex screen after going through the dipole magnet. In this way, the bunch is now broken up into a series of bunchlets with separations equal to half the laser wavelength, as shown in Fig. 1(b) . Figure 1 (c) and (d) show the energy spectrum recorded by a virtual screen placed behind the dipole, without and with the slit, respectively. As shown in Fig. 1(c) , the energy spectrum is continuous without the slit. And the energy spectrum shows multi- peak features when the slit is inserted, as shown in Fig.  1 
(d).
Figure 2(a) shows the deconvoluted energy spectrum (blue dots) corresponding to Fig. 1(d) after summing the signal in the x direction. The spectrum shows multipeak feature due to the reason stated above. The nearly equally separated peaks in the energy spectrum indicate that the energy chirp of the bunch is also nearly linear, which will be explained later. The energy spectrum can be fitted by four Gaussian peaks, as represented by the solid green lines. Each peak represents the energy spectrum of the corresponding bunchlet (green dots in Fig.  2(b) ). The central energy and the width of each peak can be easily found from the fitting data. If we assume that the separation between the adjacent bunchlets equals to half the laser wavelength, then the energy chirp can be recovered as shown by the red dots in Fig. 2(b) . The blue and green dots in Fig. 2 (b) represent the electrons received by the virtual energy spectrometer without and with the slit, respectively. As can be seen, the longitudinal phase space data obtained from the simulation (blue dots) is well approximated by the synthetic data ξ (fs) (red dots) in Fig. 2(b) . The energy chirp of the bunch can indeed be fitted by a straight (red) line in Fig. 2(b) .
Since the energy chirp is linear, the duration of each bunchlet is proportional to its width in the energy spectrum. As a consequence, the current for each bunchlet is calculated by dividing the charge contained in each peak by the length of the bunchlet. Consequently, the current profile of the bunch is recovered, given that the separation between neighboring bunchlets is half the laser wavelength. The reconstructed current profile is shown by the red dots and line in Fig. 2(c) . The FWHM of the current profile is just 2.2 fs and there is a reasonable agreement between the actual current profile of the bunch (blue curve) and the recovered current profile (red dots and line) from the synthetic energy spectrum.
In the synthetic numerical experiment, the slit width is varied from 1.4 mm to 2.2 mm with a stepsize of 0.2 mm. The relative displacement of between the bunch center and the slit center is changed from -0.8 mm to 0.8 mm with a stepsize of 0.1 mm. As a result, the red dots in Fig. 2(b) and (c) show the average of these 85 synthetic shots and the vertical error bars represent the standard deviation. The horizontal error bars arise from the fluctuation of the separation between neighboring bunchlets induced by the displacement between the bunch center and the slit center.
The limit on the slit width is analyzed as follows: To convert the bunch into a series of bunchlets, the slit width should be smaller enough, for example, ∆ < σ b where ∆ is the slit width and σ b is the amplitude of the deflection (the amplitude of the sinusoidal distribution in the laser polarization plane of the deflected bunch as shown in Fig.  1(b) ). The slit width also has a lower limit. Assume that the slice energy spread of the bunch is σ E , then the slit should be wider enough so that the energy spread of a bunchlet > σ E , where λ 0 is the laser wavelength and dE/dz is the energy chirp. Otherwise, the energy spread of the bunchlet will be dominated by the slice energy spread. In this case, the assumption that the width of the Gaussian peak in Fig. 2(a) is proportional to the length of the corresponding bunchlet no longer holds. Thus the slit width should be
The lower and upper limits for the slit width are 0.4 mm and 3.2 mm respectively, calculated with the parameters of the bunch shown in Fig. 2 . In the synthetic numerical experiment, the slit width is varied from 1.4 mm to 2.2 mm, which covers the middle range between the lower and the upper limits.
The fluctuation of the bunch location affects the separation between neighboring bunchlets. The bunch separation will be half the laser wavelength when the bunch hits the center of the slit like the case shown in Fig.  1(b) . However, if there is a displacement between the bunch center and the slit center, the separation between adjacent bunchlets will be shorter or longer than half the laser wavelength. The density distribution of the deflected bunch in the laser polarization plane can be approximated by σ b sin(k 0 z), where k 0 = 2π/λ 0 is the wave number of the laser. Thus the change of the bunchlet separation (in unit of λ 0 /2) caused by the displacement between the bunch center and the slit center will be
, where σ x is the displacement which is changed from -0.8 mm to 0.8 mm in the synthetic numerical experiment. Thus the fluctuation of the bunchlet separation is 0.08 λ 0 (0.21 fs), as shown by the horizontal error bars in Fig. 2(b) and (c).
As can be seen in Fig. 2(b) , the energy chirp should be large enough to make this technique work. Assume that the deflection due to the laser pulse is significant enough so that the bunch spot size is much larger than the slit width, then the energy chirp should be larger than 4σ E /λ 0 , where σ E is the slice energy spread and λ 0 is the local laser wavelength. Here the slice energy spread is assumed to have a Gaussian distribution. For a bunch with a slice energy spread of 0.5 MeV, the energy chirp should be larger than 2.5 MeV/µm. If the bunch length is 2 µm and the central energy is 100 MeV, then the total energy spread will be 5%, which is quite close to the typical energy spreads in state-of-the-art LWFA experiments.
The linearity of the energy chirp of the bunch can be inferred by analyzing the measured energy spectrum. The equally separated peaks in the energy spectrum indicates that the energy chirp is linear. This is illustrated in Fig.  3 where electron bunches with different chirps are sent through the synthetic spectrometer. The left column of shows a 2-mm-wide slit. The corresponding modulated energy spectrums measured with the slit are shown in the right column (c). From these energy spectrums, one can clearly see that as the energy chirp becomes linear, a periodic feature appears. In the bottom figure in column (c), the peaks in the energy spectrum are equally separated, which is an evidence for the bunch to have a linear chirp as shown in the corresponding figure in column (a). In the experiment described below, this criterion, i.e., where the peaks in the energy spectrum are nearly equally separated, is used to select out shots where the bunch is likely to have a linear energy chirp.
III. EXPERIMENT RESULTS
The experiment was conducted at National Central University, Taiwan using a Ti:Sapphire laser system with the capability to deliver ∼ 30 fs, up to 100 TW, λ = 0.8 µm laser pulses at 10-Hz repetition rate [22] . The experimental setup is shown in Fig. 4 . The laser pulses are focused by an f/6 parabola onto a gas jet consisting of 95% helium and 5% nitrogen, to generate ultrashort electron bunches via ionization injection [23] . The mean pulse duration of the laser is 40±2 fs and the laser energy varies from 350 mJ to 550 mJ. The diameter of the nozzle is 2 mm, but the gas column is a little bit wider than this due to expansion. The plasma density measured by the interferometer shows that the density profile can be approximated by an approximately 400 µm linear up ramp, followed by a 600 µm plateau and a 1.2 mm linear down ramp. The laser focal plane is placed 350 µm upstream from the nozzle edge and 700 µm above the nozzle exit. A 0.8 Tesla dipole consisting of two permanent magnets with a gap of 1.5 cm is placed 60 cm downstream from the nozzle and disperses the accelerated bunch in the plane of polarization of the laser pulse. A 2-mm-thick lead plate with a 2-mm-wide slit is placed in front of the dipole. A thin aluminum foil is placed in front of the slit to reflect the residual laser pulse, and another aluminum foil is placed in front of the lanex screen to shield it from the scattered light. The light emitted from the lanex screen is imaged onto a CCD camera (not shown in Fig. 4) .
In the experiment, the laser and plasma parameters were scanned without the dipole and slit to optimize the accelerator. At an optimal condition, the pointing stability of the electron bunch was measured to be 2.1 mrad along the laser polarization direction. The fluctuation of the bunch location caused by this pointing jitter is 1.15 mm, given that the distance between the nozzle and the slit is 0.55 m. As a consequence, the possibility for the bunch to go through the slit is 61% since the width of the slit is 2 mm. The phosphor screen (Lanex) and the imaging system are well calibrated, thus the charge of the bunch can be calculated from the CCD count using a similar procedure described in Ref. [24] . The measured charge varies from 2 to 10 pC, depending on the laser and plasma parameters. Then the dipole and the slit were inserted to measure the energy spectrum. The energy resolution in the range from 30 to 90 MeV is better than 1%. Four selected energy spectra are shown in Fig. 5(a) -(d). These shots are taken under similar laser (448 ± 48 mJ) and plasma (1.26±0.11×10
19 cm −3 ) parameters. Fig. 5(e) shows the corresponding (from top to bottom) deconvoluted spectra. It can be seen clearly in Fig. 5(a) -(d) and the corresponding subfigures in Fig. 5 (e) that the energy spectrums have multiple peaks. Although it is possible for the spectrum to have a peaked structure without the laser-bunch interaction, the fact that the peaks in the energy spectrums are almost equally separated gives us confidence that those peaked structures are highly likely caused by the laser-bunch interaction and the subsequent energy filtering provided by the slit.
These equally separated peaks also indicate that the energy chirp of these bunches are linear, as illustrated in Fig. 3 . In fact, we used equal energy spacing as a criterion to select those shots where the energy chirps are likely to be linear so that their current profiles can be reconstructed.
For these shots where the energy chirps are linear, we can assume that each peak in the deconvoluted energy spectrum represents a single bunchlet. In Fig. 6(a) taken at a plasma density of 1.1 × 10 19 cm −3 , the energy spectrum contains four well separated peaks as shown by the blue dots. As before the four peaks are fitted by Gaussian profiles, as shown by the green solid lines. The central energy for each bunchlet can be found from the fitting data easily. The separation between neighboring peaks in the real space is half the laser wavelength. Thus the energy chirp can be mapped out as shown in Fig. 6(b) . The energy chirp is indeed linear as expected.
When recovering the energy chirp, the separation of neighboring bunchlet is assumed to be half the original laser wavelength. Actually the wavelength of the back part of the laser pulse may change as a result of laserplasma interaction [5, 25, 26] . However, simulations show that the laser frequency variation is typically less than 10%. This effect was not measured in this experiment. Instead we have used the original wavelength (0.8 µm) as an approximation.
Since the energy chirp of the electron bunch is linear, the length of each bunchlet is proportional to the width of the corresponding peak in Fig. 6(a) . Given that the total charge of each bunchlet is equal to the area of the corresponding peak, the current for each bunchlet can be calculated. Therefore, the beam current profile can be recovered given that the separation of adjacent bunchlets is half the laser wavelength. Figure 6(c) shows the calculated current profile which corresponds to the energy spectrum shown in Fig. 6(a) .
The horizontal error bars in Fig. 6 (b) and (c) arise from the uncertainty in determining the bunchlet separation. The pointing jitter of the electron bunches along the laser polarization direction is σ θ = 2.1 mrad, which leads to a fluctuation of the bunch location of σ x = 1.15 mm, given that the distance between the nozzle and the slit is 0.55 m. The fluctuation of the bunch location can affect the calculation of the separation of the adjacent bunchlets as explained before. The spot size of the bunch is σ b = 3.5 mm. Thus the change of the bunchlet separation caused by the fluctuation of the bunch location is 2 π sin −1 (σ x /σ b ) ≈ 0.1λ 0 , which means that the uncertainty of the separation between adjacent bunchlet is 0.28 fs, as shown by the horizontal error bars in Fig. 6 . Figure 6 (d)-(f) show the energy spectrum, the recovered energy chirp and the recovered current profile for another shot with a higher plasma density of 1.31 × 10 19 cm −3 . The current profile in Fig. 6 (f) is more complex than that in Fig. 6(c) , illustrating the dependence of the beam current profile on the laser and plasma parameters. The peak currents in these two cases are 0.8 kA and 1.5 kA, respectively. The total charge for these bunches cannot be measured simultaneously due to the placement of the slit. However, we can use the total charge measured without the slit under the similar laser and plasma parameters as a reference. For the lower density case shown in Fig. 6(a) , the measured total charge is 4.0 ± 1.7 pC (average of 13 shots). While for the higher density case, the total charge is 5.3 ± 2.1 pC (average of 36 shots). The integration of the recovered current profiles in Fig. 6 (c) and (f) gives total charges of 2.4 and 5.4 pC respectively, which agree reasonably with the measured total charge. It should be noted here that this method does not have the capability to distinguish whether the energy chirp is positive or negative. As a result, both the energy chirp and the current profile will still be consistent with the experiment observations even if they are reversed along the beam propagation direction.
As a concept demonstration, we use only one laser pulse to drive the wake and to deflect the electron bunch at the same time. This is not the perfect configuration because it provides less flexibility and may decrease the transverse beam quality. By using a second laser to deflect the bunch, the flexibility and reliability of this method can be improved. Similar to the traditional deflecting cavity technique, the method described here is also destructive in a sense that it relies on the modification of the transverse phase space of the bunch by the laser field.
IV. CONCLUSIONS
A new method for mapping the current profile of electron bunches with linear chirps generated from a laser wakefield accelerator is described. Results of 3D PIC simulations and experiments are presented that validate this method. Ultrashort electron bunches with central energy of ∼ 65 MeV are generated via ionization-injection using a nominally 500 mJ, 40 fs laser combined with a heliumnitrogen gas mixture target. By analyzing the measured energy spectrum, the shots where the electron bunch is likely to have a linear energy chirp can be selected. As a consequence, the amplitude of the energy chirp and the current profile of these bunches are recovered. The peak current is on the order of 1 kA with an rms bunch length of 1.8 fs.
